A technologically important use of the free-space interference patterns formed by phase gratings is in the creation of the refractive index variation along optical fiber Bragg gratings. The patterns can be imaged directly by using a tapered optical fiber tip, which acts as a local probe of the optical field. Here we present measurements of these patterns under varying conditions and compare them to theoretical predictions. In discussing the results within the context of fiber grating manufacture, we also demonstrate the effects of incident beam misalignment and wave-front curvature. 
developed for scanning near-field optical microscopy (SNOM) 13, 14 to measure directly the variation of electric field intensity in the region close to the phase grating. It is however important to note that these experiments have not been performed in the typical 'nearfield' region of operation of a SNOM, which requires a tip-sample distance d << λ . In order to perform true SNOM imaging, evanescent components of the electric field must be measured as only these contain the high spatial resolution information that provides any sub-wavelength detail in the data. Although the probe that we have utilized to carry out our free-space measurements can be used for sub-wavelength imaging, the diffraction limited patterns that we have chosen to measure contain no detail smaller than ~λ/2.
Talbot Length
Rayleigh's expression for the Talbot length Z T assumes that λ << a, and is given by
where λ is the wavelength of the incident light and a is the period of the diffraction grating. Under this condition, where a large number of diffraction orders (Fourier components) are present an image of the original grating can be replicated at repeat intervals above its surface. However, under the conditions of our experiment, the Talbot pattern does not reproduce the pattern of the original grating since λ ~ a and therefore the number of diffraction orders is small. Here, and similarly in the production of fiber Bragg gratings, each diffraction order becomes significant and has associated with it a characteristic repeating pattern relating to its interaction with each and every other diffraction order. Complex patterns can emerge which may undergo regions of change as distance from the phase-mask increases because the spreading diffracted beams have finite width and therefore limited interaction.
The Talbot pattern for a phase grating illuminated normally by a plane wave can be described by a scalar electric field in analogy with x-ray diffraction theory 15 by 
In this equation, m is an integer, k = (2π/λ) and G = (2π/a), where G is the unit "reciprocal lattice vector" of the phase grating. When the number of diffraction orders is small, Rayleigh's approximation for the Talbot length, Equation (1), should therefore be replaced by the more accurate expression
where m and n are integers representing diffraction orders and Z T is the Talbot length of a repeating pattern resulting from the interaction between two chosen orders. The greatest repeat length is for m=0 and n=1.
Experiment and Results
In the production of fiber Bragg gratings, the field variation of interest is in a plane perpendicular to both the phase-mask surface and its etched rulings. This is the plane within which an optical fiber is positioned parallel to the mask surface in order to bring about the periodic refractive index modulation along its core. It is also the plane within which the probe in our experiments was positioned and scanned to acquire the presented data. The scans are in a two-dimensional form, and represent a cross-section of a uniform pattern that continues along the phase-mask rulings, and therefore across the core of a potential fiber Bragg grating. A QPS Technology Inc. phase-mask having evenly spaced rectangular elevations 500nm wide and overall period of a = 1µm, was used in all of the experiments. In every example it was positioned horizontally to allow laser light to pass through from below and emerge at the phase-mask rulings above. The particular mask was designed to cause a π phase shift, and therefore a nulled zeroth diffraction order, for incident light at 365nm. At this wavelength, the proportion of incident power diffracted at zeroth and first order was specified by the manufacturer as 2.5% and 37.5% respectively.
Our probe was prepared by heating and drawing an optical fiber into a tapered tip on a Sutter P-2000 micropipette puller. It was then aluminised by evaporation to leave a tip aperture of about 50-100nm diameter. The probe was then attached to a tuning-fork assembly 16 to allow shear forces to be detected close to the phase-mask enabling its height to be regularly checked by reference to a specific point. The complete probe system was in turn mounted upon a Melles-Griot three-dimensional piezoelectric stage incorporating strain-gauge position feedback. Connection of a photo-multiplier to the opposite end of the probe's fiber allowed detailed information to be acquired in three dimensions about the free-space optical field variation, with the aluminized tip acting as a local probe of the Poynting vector 17 . Thermal insulation of the experimental apparatus provided stability of the tip's free-space position to within ±20nm on all three axes for the duration of all scans presented in this paper.
The results that follow have been divided into two sections. Section (A) shows free-space interference patterns associated with an arbitrary phase shift imposed by the phase grating on the incident laser beam (in this case, 1.47 radians). For an arbitrary phase shift, there is a significant contribution to the patterns from the zeroth diffraction order. Section (B)
presents the particular case of a π radian phase shift, which causes the zeroth diffraction order to be suppressed. This is the normal condition used for fiber Bragg grating writing, and produces very different diffraction patterns compared to the general case.
A. Including zeroth order -the general (arbitrary phase shift) case A single frequency, external cavity, diode laser with its output collimated was focused onto the phase-mask using a long (10cm) focal length lens. The beam had wavelength 780nm and its direction of polarization was set perpendicular to the phase-mask rulings.
With a mask period of 1µm, the setup generated only the zeroth and first orders of diffraction constituting 66% and 16% respectively, of the incident beam power. A typical two-dimensional scan of the phase-mask interference pattern is shown in Figure (1a) .
With a pixel size of 100nm, the scan height above the phase-mask ran from 5-10µm with a lateral width of 5µm. In this general case, a non-suppression of the zeroth diffraction order has resulted in significant modulation between the first and strong zeroth orders in the direction normal to the phase-mask. The area shown was directly above the center of the laser beam, which had a Gaussian profile with width 106µm FWHM. The size, polarization and focusing of the laser beam onto the phase-mask replicate the conditions used in writing fiber Bragg gratings with frequency doubled argon ion lasers 18 . In Figure   ( 1a), the characteristic repetition of the Talbot pattern as a function of distance from the grating has an experimentally measured Talbot length of 2.08±0.03µm. A calculation of the Talbot length for our experimental parameters using Equation (3) with m=0 and n=1
gives Z T =2.08µm, in good agreement. This is significantly different from the value of 2.56µm calculated from Rayleigh's approximate expression, Equation (1), confirming the importance of the theoretical expression in Equation ( Ideally, the first order of diffraction alone would be required to produce two symmetrically crossing components within the Fresnel region, generating uniform vertical interference fringes at twice the frequency of the mask corrugations. The fringes would display no Talbot beating in the vertical direction and would therefore create a uniform index change across the fiber grating's core. However in practice, π phase shift masks will always produce a small zeroth order of typically 1-2%. In addition, the use of UV light to write fiber Bragg gratings at telecommunication wavelengths means that typically up to four diffraction orders are also present leading to a more complicated Talbot pattern.
In order to measure these complex UV patterns, an Argon ion laser's output with an isolated 364nm line was focused onto the phase-mask as before, using a long (10cm)
focal length lens. The beam's direction of polarization was set orthogonal to the mask rulings as it would be during actual fiber grating production, where the alignment along the fiber core's axis would minimize subsequent birefringence effects. At this wavelength the induced phase change was approximately π radians and consequently the zeroth order was minimized to 7.4% of the incident beam power. The 1µm phase-mask period allowed the first (28.8%) and second (9.1%) orders to be generated, with the remaining 16.8% of the incident power lost to scattering. A typical scan of the π radian interference pattern is shown in Figure ( 40%. Although in practice it is reasonably straightforward to achieve an adequate alignment of the writing beam for Bragg grating production, a reasonable level of care is nevertheless required since small deviations from normal incidence clearly have a significant effect on the writing pattern.
Discussion
By developing a technique to directly image free-space diffraction patterns near to a phase-mask, we have confirmed previous theoretical models, and established some useful results relating to fiber Bragg grating manufacture. In particular we have exposed some To underpin our analysis, we have produced by analogy with x-ray diffraction theory an expression given in Equation (3) for the Talbot length. This should replace Rayleigh's approximate term Equation (1), which is often used as a general guide. Rayleigh's expression assumes that λ<<a where λ is the wavelength of the incident light and a is the period of the phase-mask. Since λ ~ a during fiber Bragg grating production, each diffraction order becomes significant and has a measurable Talbot length associated with its interaction with each and every other diffraction order present. Our experimental results confirm the new expression in all of the presented data.
Conclusion
We have demonstrated the first direct imaging of Talbot patterns using a high-resolution shows the experimentally acquired data with the scan height above the phase-mask running from 3.63µm to 7.96µm and with a lateral width of 4.56µm. (4b) shows the result of a numerical simulation of (4a). The images include a suppressed zeroth diffraction order in addition to the first and second orders. 
